Semaphorin 4d (Sema4d) has been proposed as a novel target gene for the treatment of osteoporosis. Recently, we fabricated a site-specific bone-targeting system from polymeric nanoparticles that demonstrates an ability to prevent bone loss in an osteoporotic model by interfering with Sema4d gene expression using small interference RNA (siRNA) molecules. The aim of the present investigation was to determine the effects of this targeting system on the periodontium, an area of high bone turnover. We demonstrated, by single photon emission computed tomography, that intravenous injection of this molecule in ovariectomized Balb/C mice is able to target alveolar bone peaking 4 hr post-injection. We then compared, by histological analysis, the bone volume/total volume (BV/TV), alveolar bone height loss, immunohistochemical expression of Sema4d, and total number of osteoclasts in mandibular alveolar bone. Four treatment modalities were compared as follows: (1) shamoperated, (2) OVX-operated, (3) OVX+estrogen replacement therapy, and (4) OVX+siRNA-Sema4d animals. The results from the present study demonstrate that an osteoporotic condition significantly increases alveolar bone height loss, and that the therapeutic effects via bone-targeting systems featuring interference of Sema4d are able to partly counteract alveolar bone loss caused by osteoporosis. While the future therapeutic demand for the large number of patients suffering from osteoporosis faces many challenges, we demonstrate within the present study an effective drug-delivery moiety with anabolic effects on the bone remodeling cycle able to locate and target alveolar bone regeneration.
O steoporosis is a chronic disease affecting over 200 million people worldwide and characterized by low bone mass, poor bone strength, and microarchitectural deterioration of bone tissues (Genant et al., 1999; Roush, 2011) . It is an age-related disease commonly resulting from post-menopausal estrogen deficiency caused by a misbalance between bone-forming osteoblasts and osteoclasts (Gruber et al., 1985; Kanis et al., 1994; Rodan and Martin, 2000; Namkung-Matthai et al., 2001; Moazzaz et al., 2005; Hao et al., 2007) . In relation to periodontal treatment, osteoporosis is believed to affect periodontal tissues by preventing proper bone remodeling and ultimately causing severity in pre-existing periodontal disease (von Wowern et al., 1994; Rawlinson et al., 2009; Passos Jde et al., 2010; Sultan and Rao, 2011) .
At present, the two major pharmacological approaches for the treatment of osteoporosis are anabolic agents such as parathyroid hormone (PTH), which act by stimulating the bone formation process, and anti-resorptive agents, including bisphosphonates, calcitonin, raloxifene, receptor activator of nuclear factor kappa-B ligand (RANKL) antibodies, and estrogen replacement therapy, which act by inhibiting osteoclastic bone resorption (Silva and Bilezikian, 2011) . While the abovementioned agents have demonstrated clinical improvements in fracture prevention, the disruption of the bone remodeling cycle by primarily halting bone resorption of osteoclasts has led to a number of undesirable side-effects.
Recently, semaphorins have been targeted as new molecules directly implicated in cell-cell communication pathways that occur between osteoclasts and osteoblasts (Delorme et al., 2005; Takegahara et al., 2006; Zhao et al., 2006; Sutton et al., 2008; Irie et al., 2009; Leah, 2011; Negishi-Koga et al., 2011; Hayashi et al., 2012; Fukuda et al., 2013; Ohlsson, 2013) . Originally depicted as axon-guidance molecules, recent studies have demonstrated their involvement outside of the nervous system, where they play key roles in cell migration, tissue development, and angiogenesis (Tamagnone and Comoglio, 2000; Dickson, 2002; Huber et al., 2003; Tran et al., 2007; Suzuki et al., 2008; Larrivee et al., 2009) . Genetic evidence from knockout animals has demonstrated a specific role for Sema4d derived from osteoclasts as a key regulator of bone formation through its receptor Plexin-B1 expressed by osteoblasts (Janssen et al., 2010; Negishi-Koga et al., 2011) . It has previously been demonstrated that osteoclasts repel osteoblast activity through Sema4d, and it was demonstrated in a gene knockdown animal model that while Sema4d does not affect osteoclast behavior, it has a pronounced effect on osteoblast behavior by increasing osteoblast numbers on bone surfaces and prevention of Alveolar bone Loss in an Osteoporotic Animal Model via Interference of semaphorin 4d
improving their mineralization potential (Negishi-Koga et al., 2011) .
Of primary importance for the therapeutic healing of human disease is the development of effective administration of pharmacological agents delivered specifically to target tissues (Wang et al., 2010) . Recently we have fabricated a specific bone-targeting drug delivery system from polymeric nanoparticles including the incorporation of an interference molecule for Sema4d by small interference RNA (siRNA) . The aim of the present study was to determine the delivery of this molecule to periodontal tissues following intravenous injection and to monitor the effect of siRNA-Sema4d on alveolar bone loss in an osteopenic animal model induced by ovariectomy (OVX). Four weeks post-OVX surgery to induce an osteopenic phenotype, animals were compared by μCT and histological analysis after receiving injections with the following 4 treatment modalities: (1) sham-operated, (2) OVX-operated, (3) OVX+estrogen, and (4) OVX+siRNA-Sema4d animals.
MAtErIALs & MEthODs
Fabrication of Asp8-(str-r8)-Sema4d sirnA
The Asp8 bone-affinity polymer system was utilized according to a previously published study (Wang et al., 2006) . The packaging of siRNA was performed according to a protocol adapted from DNA transfection experiments (Tonges et al., 2006) . A 1.5-µL quantity of Stearyl-R8 was diluted in 50 µL of neurobasal medium without supplements and combined with 10 pmol of siRNA for Sema4d (produced by GenePharma, Shanghai, China) in 50 µL of neurobasal medium without supplements after 5-minute incubation at room temperature. Incubation was continued for 20 min at room temperature, and the mixture was then delivered to animals for in vivo study.
Animals and surgical procedures
Thirty-six mature female Balb/c mice (eight-week-old, mean body weight 25 g) were used in this study (Table 1) , with all protocols being in accordance with the policies of the Ethics Committee for Animal Research, Wuhan University, China. All animal handling was in compliance with the ARRIVE guidelines. Animals had access to food and water ad libitum.
To obtain an osteoporotic model, we performed bilateral ovariectomy (OVX) by a minimally invasive surgical technique as previously described Cheng et al., 2013) . Briefly, with the animals under general anesthesia induced by intraperitoneal injection of chloral hydrate (10%, 4 mL/kg body weight), 10-mm lateral lumbar skin incisions were made bilaterally. When the enterocele was exposed by blunt dissection of muscle and peritoneum, the ovarian artery and vein were ligated, and the ovaries were removed. The mice in the blank group were sham-operated. Finally, the muscle and skin were sutured stratified. Post-operatively, penicillin (40,000 IU/mL, 1 mL/kg) was injected for 3 days for prevention of infection.
µct Analysis
For confirmation of the establishment of an osteoporotic model, the femoral samples of the sham and OVX groups at 4 wk post-operation were fixed in 4% formaldehyde for 12 hr at 4°C. A µCT imaging system (µCT50, Scanco Medical, Bassersdorf, Switzerland) was used to reveal new bone formation within the defect region. Scanning parameters set at 70 kV and 114 µA with a thickness of 0.015 mm per slice in medium-resolution mode. For 3D reconstruction, the mineralized bone tissue was differentially segmented with a fixed low threshold (value = 212). Representative images were cut from the axial section after 3D reconstruction with the built-in software of the µCT.
bone-selective Delivery
To examine whether Asp8 could selectively target alveolar bone, we divided an additional 42 Balb/c mice into 2 groups that received rhodamine-labeled Asp8 (27 µmol/kg, 0.2 mL) or rhodamine alone via tail vein injection. After 0 min, 30 min, 1 hr, 2 hr, 4 hr, 24 hr, and 48 hr, 3 mice from each group were euthanized in batches, and the mandibular regions were collected and processed for detection of the fluorescence signal by means of a Xenogen IVIS imaging system (Alameda, CA, USA).
Animal Experiments
For treatment (intravenous injection began 4 wk after the osteopenic model was confirmed) of osteoporosis, mice were divided into Sham+PBS, OVX+PBS, OVX+estrogen, and OVX+(Asp8-(STR-R8)-Sema4d siRNA) groups (n = 9 for each group). A total amount of siRNA (20 OD/kg) was given by intravenous injection every wk, and 17β-estradiol (Sigma Chemical Co., St. Louis, MO, USA) was injected subcutaneously at a dose of 10 μg/kg 3 times per wk. Four wk later (8 wk after the original OVX surgery), the mice were euthanized and subjected to bone analysis.
histological and Immunohistochemical Analysis
After decalcification of samples, the mandibular samples were gradient-dehydrated and embedded in paraffin with sections parallel to the long axis of the molar roots. Serial sections of 5 μm were cut and mounted on polylysine-coated slides, then stained with H&E and tartrate-resistant acid phosphatase (TRAP) (Sigma #387A; Sigma-Aldrich) in accordance with the manufacturer's protocol.
For immunohistochemical assessment, the expression of Sema4d was detected according to the following procedure. Following the process of deparaffination, rehydration, and washing, the sections were antigen-retrieved by trypsin and then incubated with 0.3% hydrogen peroxide for 20 min, followed by incubation with goat serum. The sections were then incubated with primary antibody for Sema4d (1:250; 14422-1-AP, Proteintech, Inc., Chicago, IL, USA) and osteocalcin (OCN, 1:500; LS-C124318-100, LifeSpan BioSciences, Seattle, WA, USA) for 2 hr at 37°C. In accordance with the manufacturer's protocol, the sections were incubated with an SP 9000 immunohistochemical kit (Zhongshan Biotechnology Co., Ltd, China) and visualized by 3,3-diaminobenzidine tetrahydrochloride (DAB) (Zhongshan Biotechnology Co., Ltd). Last, the sections were counterstained with hematoxylin.
For histometeric measurement, we adapted bone density, alveolar bone height loss, immunohistochemical intensity, number of TRAP-positive cells (osteoclasts), and number of Sema4d Knockdown Prevents Alveolar Bone Loss OCN-positive cells (osteoblasts) by processing the images, which were captured with an Olympus DP72 microscope, according to the literature as previously reported (Tuominen et al., 2010; Luo et al., 2012; Yuan et al., 2013; Yang et al., 2014) .
statistical Analysis
Statistical analyses were performed by one-way ANOVA and the Student-Newman-Keuls test, and statistical significance was considered at p < .05. All data are expressed as the mean ± SD.
rEsuLts

Establishment of an Osteoporotic Model
Micro-computed tomography (μCT) images and histological sections were used to visualize the establishment of an osteoporotic model (Fig. 1) . The 3D μCT images of the OVX mouse femurs demonstrated a striking decrease in the subchondral trabecular bone volume, thickness, and density (Figs. 1C, 1D ) when compared with sham-operated animals (Figs. 1A, 1B) . Analysis of the μCT data confirmed an increase in trabecular separation, reduced cortical thickness, and enlarged marrow cavities, as compared with those in sham-operated mice ( Table  2) . The H&E staining is consistent with the differences revealed by μCT, demonstrating abundant trabecular bone with healthy marrow-like tissue in sham-operated animals and a small quantity of trabecular bone with inflammatory cells in ovariectomized mice (Figs. 1C, 1F ).
confirmation of a bone-targeting Drug Delivery system
Planar and tomographic images of Balb/C mice were viewed with a Xenogen IVIS imaging system at 24 hr after i.v. administration of rhodamine either alone or as a label of an HPMA copolymer-D-Asp8 conjugate (Appendix Fig., A, B) . Then, the pharmacokinetics and biodistribution were analyzed in the HPMA copolymer group with D-Asp8 (Appendix Fig., C) . Analysis of the data revealed strong labeling at high bone turnover sites, including the mandibular region, with staining intensity peaking at 4 hr post-injection of our bone-targeting moiety (Appendix Fig., C) .
sema4d Delivered via a bone-targeting Moiety prevents bone Loss in an Osteoporotic Model in the Mandibular region
Following four-week establishment of an osteopenic animal model, animals were euthanized, and histological analysis was performed. The average weight of the animal groups is reported in Table 1 . H&E staining demonstrated the highest BV/TV in the furcation area of first molars in mice that were sham-operated ( Fig. 2A) . While the OVX group showed significantly lower levels of BV/TV, the additional use of the bone-targeting moiety containing Sema4d-siRNA recovered the lost bone induced by OVX to levels similar to those of the sham group ( Figs. 2A-2J ). Then, alveolar bone height loss was calculated in the 4 treatment modalities (Figs. 2F-2J) . These results demonstrated that the OVX group demonstrated significantly greater alveolar height loss when compared with all other treatment modalities (Fig. 2) . The use of siRNA-Sema4d as well as estrogen replacement therapy significantly prevented bone loss in an OVX mice model 4 wk post-injection when compared with the OVX group (Fig. 2J) . Immunohistological analysis was utilized to visualize the staining intensity of Sema4d in the various treatment groups (Figs. 3A-3E ). The use of siRNA for Sema4d significantly decreased the intracellular expression of Sema4d in cells by three-fold when compared with OVX animals (Fig.  3E) . Last, TRAP staining was used to quantify the number of osteoclasts (Figs. 3F-3J ). While OVX significantly increased the number of osteoclasts, a significant increase was also observed in the group treated with our bone-targeting moiety, delivering siRNA-Sema4d, when compared with sham animals (Fig. 3I) . The use of estrogen replacement therapy decreased osteoclast numbers when compared with OVX animals receiving no therapy (Fig. 3H ). The number of osteoblasts was significantly upregulated in the bone-targeting moiety group when compared with the OVX+estrogen group, and an increase of over threefold was seen when compared with the OVX group (Fig. 3K ).
DIscussIOn
The aim of the present study was to characterize the effects of a new, innovative drug-targeting moiety including siRNA for Sema4d and to determine its effects on alveolar bone change in an osteoporotic animal model induced by OVX. Currently, there are no clinically available bone-specific delivery systems for the treatment of osteoporosis, a disease that now affects over 200 million people worldwide. Given the progressively aging population, there is a major need to develop safe anabolic agents that increase bone formation to compensate for the increase in bone resorption caused by post-menopausal estrogen deficiencies. We have recently developed a targeting system capable of re-establishing bone remodeling in an osteopenic animal model by anabolic means . In this study, the effects of the siRNA for Sema4d were demonstrated to have little effect on in vitro osteoclast function and number; however, the effect on osteoblast function was greatly enhanced following transfection. It was shown that, in a coculture system of osteoclasts and osteoblasts, alkaline phosphatase activity was increased over two-fold along with an increase in osteoblast differentiation markers including collagen I and osteocalcin as assessed by real-time PCR . The aim of the present study was to characterize the effects this system may have on periodontal tissues by determining (a) what effect an osteoporotic model might have on periodontal tissues, (b) the delivery of our bone-targeting moiety specifically to alveolar bone, and (c) the effects of siRNA-Sema4D on bone remodeling in alveolar bone in a compromised OVX animal model. We first observed that the effect of OVX on our animal model led to a decrease in BV/TV, mainly in the furcation areas of mouse mandibular first molars (Fig. 2) . In this group, a higher number of multinucleated osteoclasts (Fig. 3) as well as greater alveolar bone height loss (Fig. 3) were observed, demonstrating and confirming previous reports that osteoporosis has negative effects on alveolar bone remodeling, an area known to display high bone turnover (von Wowern et al., 1994; Passos Jde et al., 2010; Sultan and Rao, 2011) .
Following confirmation of our osteopenic animal model, we then sought to characterize the ability of the drug-targeting moiety to specifically target and bind to alveolar bone. As depicted in the Appendix Figure, the targeting system was able to target alveolar bone specifically in the mandibular regions, peaking at 4 hr post-injection. We also confirmed, via immunohistochemical analysis, that Sema4d expression in these tissues was markedly decreased up to three-fold when compared with that in OVX animals (Fig. 3) . The targeted delivery of siRNA-Sema4d to alveolar tissues is important. Since Sema4d is highly The Sema4d-siRNA group significantly reduced the expression of Sema4d when compared with all other modalities. The detected differences were statistically significant at p < .05. Sema4d Knockdown Prevents Alveolar Bone Loss implicated in the development of neuronal and other tissues, its specific delivery is critical for the safety of this moiety. Future research aimed at elucidating any possible side-effects will be necessary in large-animal models prior to any clinical testing, and the bone-targeting system needs to be further characterized in large animals.
Once it was observed that the expression of Sema4d was decreased over three-fold in alveolar tissues, the effects on the surrounding alveolar tissues demonstrated a significant rise in BV/TV as well as decreased bone loss height in alveolar tissues in OVX animals (Fig. 2) . One of the significant findings from the present investigation was that the drug-targeting moiety containing siRNA-Sema4d did not change the number of osteoclasts in OVX animals (Fig. 3) . There have been numerous reports on the effects of principally decreasing osteoclast number/activity in the treatment of osteoporosis. Although bisphosphonates have been the treatment of choice in osteoporotic patients for a number of years for fracture prevention, their main side-effect includes halting the bone remodeling cycle, thus indirectly resulting in no new bone formation. We demonstrate in the present study that interference of Sema4D acts primarily in an anabolic fashion by increasing osteoblast activity and preventing bone loss mainly by increasing osteoblast function. While other investigators have previously suggested that Sema4d acts as a guidance molecule for bone-cell positioning, analogous to the function of semaphorins in axon guidance, in this study, we show that interference of its expression in osteoclasts further confirms its evident role in the cross-talk between osteoclasts and osteoblasts.
While the future field of osteoporosis therapy faces many challenges from the growing numbers of patients who suffer from post-menopausal bone loss, here, we demonstrate a solution by selectively targeting Sema4d in osteoclasts via a bonespecific delivery system. We also confirm its positive effects on bone remodeling within alveolar tissues, an area of high bone turnover where an osteoporotic phenotype can largely contribute to faster periodontal breakdown. In conclusion, the results from the present study further demonstrate that preventive measures by interfering with Sema4d expression increase BV/TV in mandibular bone and prevent alveolar bone loss height in an animal model induced by OVX.
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